Mercúrio e selênio foram determinados no tecido muscular do peixe espada (Trichiurus lepturus) de três áreas costeiras (Baía da Ilha Grande, Baía de Guanabara and Búzios, Estado do Rio de Janeiro) que apresentam diferentes condições ambientais, localizadas no sudeste brasileiro. Hg foi determinado por espectrometria de absorção atômica em vapor frio (CV-AAS) e Se por espectrometria de absorção atômica com forno de grafite (GF-AAS). As concentrações variaram de 0,44 a 0,87 µg Hg g -1 e de 0,0050 a 3,12 µg Se g -1 , em peso seco. Foram observadas diferenças significativas na concentração de mercúrio e na razão molar selênio:mercúrio entre as áreas. O comprimento total e os intervalos de tamanho influenciaram na acumulação de mercúrio, entretanto estes parâmetros biológicos não influenciaram na acumulação de selênio. Foi observado um excesso de selênio em relação ao mercúrio. Provavelmente, as diferenças regionais podem ser em parte atribuídas às diferenças nas condições ambientais (temperatura da água e produção primária), e também a outros fatores, tais como a escolha das presas e a disponibilidade destes elementos nos ambientes.
Introduction
The presence and behavior of mercury in aquatic systems are of great interest and importance since mercury is the only heavy metal which bioaccumulates and biomagnifies through the aquatic food web, 1 affecting productivity, reproduction and survival of aquatic organisms, and can, eventually, be hazardous to humans. 2 Selenium is recognized as an essential micronutrient for animals, active in the activities of enzymes, acting as a protective agent against the toxicity of mercury in the form of methylmercury. 3, 4 One of the most important study about mercury and selenium in marine fish found that ca. 1:1 molar ratio of Se:Hg in tuna fish reduced the toxic effects of methylmercury. 5 Mercury and selenium in fish tissues are expected to vary in a wide range of concentration, reflecting feeding behavior and exposure to environmental levels. 6 However, mercury and selenium contents in fish greatly vary among species from the same location. Mercury and selenium concentrations in muscle tissue are controlled by the dietary habits and size of an organism, the physical and Vol. 23, No. 7, 2012 chemical characteristics of the system they inhabit, and the magnitude of human activities in the catchment. 7 Limited information is available on the mercury and selenium burden of tropical biota found in Southern Hemisphere waters. In the South Atlantic Ocean, several studies have reported mercury and selenium concentrations in marine organisms, 8, 9 but information about selenium in top-predator fish is still scarce. 10, 11 Furthermore, tropical coastal waters are less monitored than marine environments in the Temperate and Polar Regions, in particular the South Atlantic Ocean, which is often considered less contaminated then the Northern ocean.
Trichiurus lepturus (Linnaeus, 1758), known as cutlassfish, is a carnivorous marine fish that occurs along the whole tropical and sub-tropical latitude belt, including the Western Atlantic Ocean. 12 It has demersalpelagic habits and can be considered a voracious predator, a concern regarding food supplies. 13 According to Martins et al., 14 the specimens from the South Brazil can be grouped by total length (L) into different life phases. Each life phase presents differences: 'juveniles' (no gonadal development, 50 < L < 300 mm), 'sub-adults' (initial gonadal development, 300 < L < 700 mm), 'small adults' (mature, 700 < L < 1,000 mm) and 'large adults' L > 1,000 mm).
14 Previous studies with adult specimens of T. lepturus (L > 1,000 mm) in Northern Rio de Janeiro showed that in this region, the diet of cutlassfish was composed of pelagic and demersal prey species, including co-specifics, associated with estuarine and coastal areas. 15 Some fish species and crustacean species were the most representative items in its diet. 13 There is a need for a basin-wide and systematic approach to sampling and analysis of mercury and selenium in fish from different tropical areas. This means selecting species that are representative of the location from which they are captured. The present study makes an initial contribution to this task by presenting mercury and selenium data from three different areas along the Rio de Janeiro State (Southeastern Brazilian coast). For this purpose, a predatory fish, cutlassfish in different life phases (size intervals) was sampled in three coastal ecosystems with different degradation levels and environmental conditions (Ilha Grande Bay, Guanabara Bay and Búzios coast) ( Figure S1 , Supplementary Information (SI) section). Finally, we aimed to evaluate and compare the sampling areas according to the mercury, selenium and Se:Hg molar ratios in fish.
Thus, the present study tested whether environmental conditions and biological characteristics influence the assimilation of mercury and selenium in the muscle tissue of a top-predator fish, T. lepturus.
Experimental

Sampling areas
The Ilha Grande Bay (total area: 3,100 km 2 , 22º50'S and 23º20'S) is a complex estuarine system situated in the Southern coast of the Rio de Janeiro State ( Figure S1 ). It is a very important water body concerning economic and ecological purposes since it has an important commercial harbor, an oil terminal, many industries and two nuclear power plants. Despite the presence of these potential pollution sources, this bay can be considered a non-contaminated area, since low levels of metals such as Ni, Cu, Cr, Mn, Zn and Hg have been found in sediments 16 and fish. 17 Among the sampling areas considered in the present study, Ilha Grande Bay presents the most preserved ecosystem and is considered to be a biodiversity hotspot and includes a high number of protected areas.
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The Guanabara Bay (total area: 384 km 2 , 22º40'S and 23º00'S) is the most important estuary for fish production on the Southeastern Brazilian coast ( Figure S1 ). 19 Guanabara Bay presents the most degraded ecosystem and also, is the most studied area in the Brazilian coast. 20 This area receives impacts in the form of domestic sewage and untreated industrial effluents from a densely populated area with over 10,000 industries, besides a very active port and a complex petrochemical pole. 19 An important mercury source in this bay is a chlor-alkali plant, located in the most polluted area of the bay's drainage basin, in the Northwest portion of this aquatic system. Changes in the bay's drainage areas, beginning in the early nineteenth century, have continued to cause severe environmental degradation. Consequently, the bay presents high concentrations of toxic metals and hydrocarbons in sediments, and changes in the pelagic and benthic communities. 21 The coastal region of Búzios is located on the North coast of Rio de Janeiro State (22°44' S, 41°52' W, Figure S1 ) and is characterized by upwelling events driven by the wind 22, 23 that induces a particularly dry climate. 24 This region presents a totally different climatic regime when compared to Guanabara Bay and Ilha Grande Bay and also, is known for its elevated marine productivity due to the seasonal upwelling phenomenon. 25 Coastal upwelling is an important process because it brings nutrient-rich water to the surface, thereby allowing the development of phytoplankton blooms. 23, 26 Acoording to Carbonel and Valentin, 27 the sea surface temperature that normally ranges from 20 to 22 ºC may decrease to 15 °C, triggering an enrichment in nutrient concentration of up to 10-12 µmol L -1 NO 3 -N and a phytoplankton production (in chlorophyll a) of up to 6 mg L -1 .
In order to evaluate the trophic stage of Ilha Grande Bay, Guanabara Bay and Búzios coast aquatic ecosystems, the concentration of chlorophyll a was determined in the superficial water layer (depth of 0.2-1.0 m) from the three areas. Water samples were collected according to US EPA (US Environmental Protection Agency) method 1699.
28 Surface salinity and pH were measured with a salinometer and a pH meter (Table 1) . Sampling was performed at neap tide cycle during the day at different points inside the bays. In the laboratory, water were filtered through 0.45 µm glass fiber filters (Milipore), using a vacuum pump. Two filters were collected per sample. These filters were sheltered from light until extraction and chlorophyll a analysis. After extraction in 90% acetone for 18 h at 4 °C, the chlorophyll a concentrations were fluorometrically determined using a fluorescence spectrophotometer as described by Parsons et al.
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A total of 64 specimens of T. lepturus with different total lengths (L) were bought from local fishermen, between 2009 and 2010. After sampling, the biological characteristics of each individual were obtained, and sub-samples of dorso-lateral muscle were removed, according to FAO (Food and Agriculture Organization) recommendations. 30 The specimens presented the total length varying from 844-1,300 mm (mean of 1,005 ± 122 mm), 622-1,230 mm (mean of 875 ± 192 mm) and 810-1,030 mm (mean of 955 ± 61 mm) for Ilha Grande Bay, Guanabara Bay and Búzios coast, respectively. The large adult (L > 1,000 mm) specimens were captured by gillnet fisheries, as this species is one of the targets of this type of capture, whereas sub-adult (300 < L < 700 mm) and small adult (700 < L < 1,000 mm) specimens were accidentally captured by trawl nets, during commercial shrimp and sciaenidae fish species captures. All samples taken were freeze-dried and sheltered from light until analysis. After the procedure of lyophilization, the muscle samples lost around 75% of their water content.
Instrumentation
Muscle tissue was analyzed for total mercury by a cold vapor atomic absorption spectrometer (CV-AAS) with a flow injection mercury system (FIMS) FIAS 400 (Perkin Elmer) with auto sampler AS90 (Perkin Elmer). The carrier gas was argon (99.999%) at a flow rate of 75 mL min -1 . Total selenium was determined by graphite furnace atomic absorption spectrometry (GF-AAS), using an Analytik Jena spectrometer ZEEnit 60 (Jena, Germany) equipped with Zeeman-effect background correction and auto sampler MPE-52 (Analytik Jena). Integrated contact tubes with PIN platforms (Analytik Jena, part No. 407-152.011) were also used. The protective and carrier gas was argon (99.999%, Aga, Rio de Janeiro, Brazil) at a flow rate of 2 L h -1 . The operating parameters and the instrumental settings were adjusted according to the manufacturer's recommendations, unless otherwise specified. All measurements were based on integrated absorbance, with a 5 s integration time.
Analytical procedure
For mercury determination, dried muscle samples (0.05 g) were acid digested with H 2 SO 4 :HNO 3 and concentrated H 2 O 2 in a centrifuge tube at 60 °C in water bath. Mercury concentrations in the acid digested solution were determined by CV-AAS (FIMS-system) with NaBH 4 as a reducing agent. A detailed description of the method used is given elsewhere. 31 For selenium determination, dried muscle samples were acid digested with nitric acid in a screw-capped vessel. The vessel was then heated to 60 ºC in a water bath. Selenium concentrations in the acid digested solution were determined by GF-AAS. Palladium nitrate was used as a chemical modifier. A detailed description of the method used is given elsewhere. 32 The limits of detection were 0.05 and 0.80 mg L -1 for mercury and selenium, respectively. Quality control was performed by a strict blank control, the analysis of replicates and certified reference materials. Accuracy was assessed through the analysis of certified material from the National Research Council-Canada (DORM-2). Results for mercury DORM-2 (n = 10) and selenium DORM-2 (n = 10) were 4.60 ± 0.54 and 1.34 ± 0.19 µg g -1 , whereas the CRM (certified reference material) has a certified mercury value of 4.64 ± 0.26 and 1.40 ± 0.09 µg g -1 , respectively. Average recovery values were always ≥ 90% of the certified values. Reproducibility was evaluated using the coefficient of variation of the replicates, being always less than 15%.
Statistical analysis
Statistical analyses were performed using Statistica ® 7.0 for Windows (StatSoft, Inc. 1984-2004, USA). After verification of the non-normal distribution of each data set, an analysis of variance was done by Kruskal-Wallis ANOVA to compare the concentrations of mercury, selenium and and Se:Hg molar ratios in muscle tissue of cutlassfish from the three regions. A linear regression was performed to determine the relationship between the biological parameters (total length, L) and the concentrations of mercury and selenium in muscle tissue and also, to evaluate the differences in the rates of trace element accumulation, when a logarithmic element concentration was related to T. lepturus length. A p value of less than 0.05 was chosen to indicate statistical significance. Values are presented as mean ± standard deviation (SD) and range (min-max), based on a dry weight basis (dry wt.).
Results and Discussion
According to Håkanson, 33 the concentration of chlorophyll a in the superficial water layer (depth of 0.2-1.0 m) indicated that the aquatic environments were typically eutrophic for Guanabara Bay and oligotrophic for Ilha Grande Bay and Búzios coast (Table 1) at the moment of the water sampling. Previous studies reported that the trophic stage of Guanabara Bay varies from eutrophic to hypereutrophic. 21, 34 The upwelling ecosystem at Búzios coast is extremely sensitive to wind changes with nutrient-rich water reaching the surface under NE winds along a coastal belt less than 5 km wide. In the Cabo Frio (Rio de Janeiro State) upwelling, which is the same event that occurred in Búzios, chlorophyll values ranged from approximately 0.5-2.0 mg L -1 . 35 The range and mean concentrations, on a dry weight basis, of mercury and selenium (µg g -1 ) and the ratios of molar concentrations of selenium to mercury in the muscle tissue of cutlassfish, as well as the size fish intervals are summarized in Table 2 . Our results were of the same order of magnitude as those reported in earlier studies with this fish species from the South America coastal regions ( Table 2 ). Some of our data (Table 2) . However, it is difficult to compare data for mercury and selenium in species that live in different environments since the prevalent environmental conditions (water temperature and primary production) and also other factors, such as the level of food contamination, can influence on trace elements accumulation. In the South America, few studies have been reported mercury and selenium concentrations in cutlassfish. Most of them have limited number of individuals and life span ( Table 2 ). In the Brazilian coast, Guanabara Bay is the most studied area regarding mercury and selenium concentrations in this fish species (Table 2 ). However, little information is available regarding mercury and mainly selenium concentrations in cutlassfish from Ilha Grande Bay (Table 2) .
Amongst the data generated as part of the present study (Table 2) , all samples presented muscular mercury concentrations lower than maximum permissible limit of 1.00 µg g -1 wet wt. established for human consumption of predatory fish in Brazil. 43 The muscle samples of cutlassfish presented mercury concentrations ranged from 0.01 to 0.22 µg g -1 wet wt. (or from 0.04 to 0.87 µg g -1 dry wt.). These results were also below the maximum permissible limit established for food by the World Health Organization (WHO, 0.50 µg g -1 wet wt.). 2 All samples evaluated presented selenium concentration in muscle below the maximum allowable selenium concentrations, 2.00 µg g -1 wet wt., proposed by Lemly. 44 The muscle samples of cutlassfish presented selenium concentrations ranged from 0.0001 to 0.78 µg g -1 wet wt. (or from 0.0005 to 3.12 µg g -1 dry wt.). This mean that there is no risk to human health since all samples can be considered suitable for consumption.
No significant difference (p > 0.05) in total length (L) was found between the specimens from the three sampling areas, suggesting that both groups are equally represented in the sampled groups, making possible to directly compare inter-site differences regarding mercury and selenium concentrations. However, despite the fact that fish collected at both areas presented similar L, they are not necessarily of the same size intervals. The specimens from Ilha Grande Bay and Búzios coast were in two different size intervals (large adult and small adult) while the specimens from Guanabara Bay were constituted by three different size intervals (large adult, small adult and sub-adult).
Effect of total length and/or size intervals on the accumulation of mercury and selenium Data analysis showed that the size intervals and/or total length seem to influence mercury muscle accumulation in fish specimens collected at Ilha Grande Bay and Guanabara Bay since the large adult specimens presented the highest and most significant mercury concentrations in both areas. T. lepturus from these areas presented similar selenium concentrations and the size intervals and/or total length presented no significant influence on selenium accumulation by the specimens ( Table 2) .
The positive correlation found between muscular mercury concentrations and total length of cutlassfish is in accordance to other studies conducted with estuarine and marine fish species. 10, 12, 17, 37 The ongoing accumulation can be explained by the fact that methylmercury, which constitutes the major fraction of mercury in the muscle of predatory fish, strongly binds to thiol groups of proteins whose content increases with length. 45 In general, the adult specimens of top-predators fish present the highest muscular mercury concentrations as a consequence of the process of methylmercury biomagnification along the aquatic food web. 41 The trophic transfer of trace elements from prey to predator has been recognized as an important route for the incorporation and bioaccumulation of mercury and selenium by aquatic animals. 46 A weak and positive correlation was found between selenium concentrations in muscle tissue and length of T. lepturus from Ilha Grande Bay (R = 0.16; p > 0.05). More weak and negative correlations were found between selenium concentrations in muscle tissue and total length of T. lepturus from Guanabara Bay (R = -0.35; p > 0.05) and Búzios coast (R = -0.06; p > 0.05), indicating that the accumulation of selenium in this fish species did not necessarily take place with the increase in total length, as in the case of mercury. A similar pattern was observed by Branco et al. 10 in predatory fish species (swordfish and blue shark) from two areas in the North Atlantic Ocean, where samples collected close to the line of Equator presented negative correlations between muscular selenium and total length.
The negative trend found between selenium concentrations in muscle tissue and total length of cutlassfish from Guanabara Bay and Búzios coast suggests that the initial life phase of this fish species was probably more exposed to selenium from detritus and sediment 47 since cutlassfish preferential prey in this life stage are benthic organisms.
14 The dietary exposure of fish to selenium is usually the dominant pathway of uptake of this element. 49 Selenium has the propensity to bioaccumulate within the base of food webs: from water and sediment to aquatic plants and invertebrates, and finally, to fish. 48 However, in aquatic ecosystems, sediments and organic detritus could be an extremely important pathway of selenium contamination to benthic organism that, in Vol. 23, No. 7, 2012 turn, can become a source selenium for accumulation by predatory fish. 11 
Regional differences regarding mercury and selenium accumulations
In this study, significant regional differences (p < 0.05) were observed regarding mercury accumulation in cutlassfish. In general, specimens of T. lepturus collected in Ilha Grande Bay (0.35 ± 0.16 µg g -1 dry wt.) presented the highest mercury concentrations, followed by Guanabara Bay (0.30 ± 0.15 µg g -1 dry wt.) and Búzios coast (0.12 ± 0.08 µg g -1 dry wt.). However, the mean selenium concentrations found in the muscle tissue of cutlassfish from these areas can be considered similar since no significant difference was observed among them: Ilha Grande Bay (0.96 ± 0.78 µg g -1 dry wt.), Guanabara Bay (1.01 ± 0.17 µg g -1 dry wt.) and Búzios coast (0.88 ± 0.54 µg g -1 dry wt.). The lowest mercury concentrations found in cutlassfish from Búzios coast can be explained by the upwelling events that occur in this area. According to Bargagli et al., 50 the low temperature of the marine coastal water affects the metabolic rate of organisms and could reduce Hg 2+ methylation rates by heterotrophic microorganisms. Methylation rates appear to be correlated with primary productivity. 50 Consequently, less mercury, in the form of methylmercury, can be incorporated into this food chain. Furthermore, in the upwelling zones, methylmercury is converted into elemental mercury, leading to a supersaturation of the elemental species in surface waters.
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The highest mercury concentrations found in cutlassfish from the coastal areas that no suffer influence of upwelling events (Ilha Grande Bay and Guanabara Bay) can be explained by the fact that, in these areas, mercury methylation can take place both in the water column near the oxycline and in the sediment. 52 The methylmercury formed in these places is transported to the mixed layer where it can be accumulated in the food chain. This accumulation can be observed in communities that live in sediments and in the water column, such as phytoplankton and zooplankton. 51 In this study, Guanabara Bay (an eutrophic estuary) showed lower mercury concentrations than Ilha Grande Bay (an oligotrophic area). This fact can be explained by the high bioproduction (eutrophic conditions) found in this ecosystem, that generally has fish with low mercury-content. The reasons for this seem to be linked to a high fish growth rate in eutrophic waters and a high "biological dilution", in which a given mercury dose is spread throughout a large biomass. 53 Despite the fact that T. lepturus specimens from Ilha Grande Bay and Guanabara Bay presented differences regarding mercury concentrations in their muscle tissue, they did not present significant differences in mercury accumulation pattern. A regression model demonstrated that when a logarithmic mercury concentration was related to T. lepturus length, the regression slopes of the equations were not significantly different for these areas (Ilha Grande Bay and Guanabara Bay) ( Table 3 ). The linear regression of log mercury concentrations vs. total length (Table 3) showed that there are no differences in the rates of Hg accumulation between Ilha Grande Bay and Guanabara Bay. However, these rates of mercury accumulation are significantly different from Búzios coast.
Although no significant difference was found for selenium concentrations among the areas (Ilha Grande Bay, Guanabara Bay and Búzios coast), the linear regressions of log selenium concentration vs. total length (Table 3) showed that there are differences in the rates of selenium accumulation among these areas since the regression slopes of the equations were different for Ilha Grande Bay, Guanabara Bay and Búzios coast (Table 3) .
Based on the results presented here, the regional differences in mercury behavior may be due to the fact that cutlassfish lives in ecosystems that present different environmental conditions (oligothophic, eutrophic and upwelling), pollution sources and food supplies. Ilha Grande Bay and Guanabara Bay are two bay regions. The first one can be considered a non-contaminated area that presents typical oligotrophic environmental conditions, while the second one is a known contaminated area that presents eutrophic conditions, where known punctual sources of mercury exist. Búzios coast is an upwelling area that presents different environmental conditions throughout the year, mainly during the upwelling events.
Selenium-mercury molar ratios
In this study, all fish Se:Hg molar ratios were higher than 1 (surplus selenium). The mean molar Se:Hg ratios in cutlassfish from Búzios coast were higher (22.49 ± 15.19) than in cutlassfish from Ilha Grande Bay (7.52 ± 6.78) and Guanabara Bay (5.32 ± 3.74) ( Table 2) . A highly significant difference (Kruskal-Wallis ANOVA; H 2, 64 = 20.04; p << 0.001) was found in the Se:Hg molar ratios among the sampling regions. Despite of cutlassfish from the three sampling regions presented similar muscular selenium concentration, T. lepturus from Búzios coast showed the highest Se:Hg molar ratio. This fact occurred due to the specimens from Búzios coast presented the lowest muscular mercury concentrations.
Ganther et al. 5 first mentioned the Se:Hg molar ratio of 1:1 as protective against mercury toxicity in fish. Generally, marine fish species present the Se:Hg > 1 in muscle tissue. 9, 54 However, few data are available for tropical areas. 9 The muscle tissue of two carnivorous fish species, Centropomus undecimalis (snook) and Micropogonias furnieri (croaker), from Guanabara Bay, presented Se:Hg molar ratio of 8.0 and 8.0, respectively. 9 In our study, cutlassfish muscle samples also presented a considerable selenium excess in relation to mercury, demonstrating that the ratio between Se:Hg levels was of the same order of magnitude as those reported by Kehrig et al. 9 If we consider that a molar ratio surplus of Se:Hg > 1 in fish might be sufficient to prevent mercury toxicity in the fish and the fish consumers, 5 all samples would be considered suitable for consumption. 4 
Conclusions
Relatively low concentrations of trace elements were found in the muscle of cutlassfish when compared with other species from South America.
Based on the results presented here, it is possible to conclude that the biological characteristics (total length and/or size intervals) presented a significant influence on the muscular accumulation of mercury, whereas this pattern was not observed for muscular selenium accumulation.
Regional differences can be partly attributed to differences in the prevalent environmental conditions, and also to other factors, such as upwelling, that also influence trace element concentration in food web. Probably, differences in prey choices and availability across locations could be influence on the accumulation of mercury. However, a detailed study about the stomach contents of T. lepturus from these areas is needed to affirm this proposition. In addition, mercury and selenium concentrations and the Se:Hg > 1 indicate that this fish species could be considered suitable for regular human consumption.
